Low-energy electronic properties of ABC-stacked graphite are studied by the tightbinding model. There are linear and parabolic bands with and without degeneracy.
Introduction
For three kinds of graphites, there are a lot of theoretical and experimental researches on the electronic properties and Coulomb excitations, clearly illustrating the diversified phenomena by the distinct stacking configurations. According to the first-principles calculations, [1] [2] [3] the AA-, AB-and ABC-stacked graphites, respectively, possess the free carrier densities of ∼ 3.5 × 10 20 e/cm 3 , ∼ 10 19 e/cm 3 , and 3.0 × 10 18 e/cm 3 , being in sharp contrast with one another. As a result of the configuration-induced free electrons and holes, such semi-metallic systems are predicted/expected to display the unusual low-frequency singleparticle excitations and plasmon modes. [4] [5] [6] [7] [8] [9] [10] [11] The simple hexagonal graphite exhibits the parallel and the perpendicular collective oscillations relative to the graphitic planes, with frequency higher than 0.5 eV. [3, 13, 30] Furthermore, certain important differences between two distinct oscillation modes lie in the frequency, intensity and critical momentum, as revealed in Bernal graphites. [4, 10, 11] Such plasmon modes are strongly modified by the doping effects. The interlayer bondings become weaker in the natural graphite, so that few free carriers only show the lower-frequency plmsmons of ω p < 0.2 eV. In addition to the transferred momentum, the collective excitations are very sensitive to the changes in temperature (T ). [14, 15] They could survive at larger momenta in the increase of temperature, and the frequencies are enhanced by T . The T -dependent plasmons are the prominent peaks in the energy loss spectra as well as the abrupt edge structures of the optical reflectance spectra.
Up to now, there is absence of theoretical predictions on the low-frequency Coulomb excitations of the ABC-stacked graphite. This study will provide the full information from the RPA calculations, e.g., the lowest plasmon frequency among three systems and the most difficult observations using the EELS and optical spectroscopies. After the intercalation of atoms or molecules, the donor-type (acceptor-type) graphite intercalation compounds possess much conduction electrons (valence holes), so that their electrical conductivity might be high as copper. [16] [17] [18] [19] The Coulomb excitations of free carriers have been investigated by the 2D superlattice model, [6, 20] being responsible for the threshold edge in the measured optical spectra [21] [22] [23] and the ω p ∼ 1-eV optical plasmon in the momentum-dependent EELS spectra. [5, [21] [22] [23] [24] [25] [26] [27] 
Theories
The bulk graphites possess the infinite graphene layers, so that their energy bands have an extra wave vector along the k z -direction. It is relatively easy to utilize the conventional primitive unit cell to fully explore the essential physical properties, while the opposite for the primitive rhombohedral unit cell except for few cases. [30] As a result, the Bloch wave functions are composed of the six tight-binding functions on three layers. Similar to the calculations of trilayer graphene systems, the 6 × 6 Hamiltonian matrix could be reduced to consist of two independent block matrices:
where 2 × 2 H 1 and H 2 matrix take the analytic forms in their elements forms
and
All the significant hopping integrals between two different sublattices on three layers, as clearly indicated in Fig The 3D transferred momentum (q x , q y , q z ) in graphites is conserved during the electronelectron Coulomb intercations, as observed in 3D electron gas. The analytic form of the dielectric function, which is similar for any graphites, is directly evaluated from the RPA
The k z -integration of the first Brillouin zone is distinct in three kinds of stackings configurations. There exist the low-frequency and π plasmons. The former could survive at small transfer momenta, while it might be difficult to observe it at large ones. Under this case, the anisotropic dependence on the (q x , q y )− plane is negligible; that is, q = [q , q z ]. Since the low-lying energy bands are almost isotropic near the K/K ′ point, the 3D integration could be reduced to the 2D integration, i.e., 1stBZ d 2 kdk z → 1stBZ 2π k dk dk z .
Results
Using the hexagonal unit cell, the rhombohedral graphite with ABC stacking , as show in A almost symmetric V-shape structure [the inset in Fig. 2(a) ], which purely comes from the 3D Dirac-cone structure, is initiated from the Fermi level. [30] The DOS at E F is smallest among three kinds of graphites, further illustrating the weakest interlayer atomic interac- The conduction and valence DOSs present the slightly splitting peaks and a single peak, respectively. The strong symmetric peaks and the V-shape form, which are, respectively, located at low and middle frequencies, clearly indicate the quasi-2D behaviors. [30] The lower-symmetry rhombohedral graphite has the lowest the free electron/hole density among three kinds of well-behaved stacking configurations, so that it is expected to be relatively difficult in creating the low-frequency collective excitations. Most of its excitation phenomena are similar those of the Bernal graphite. 
Conclusions
Concerning the low-frequency single-particle excitations and plasmon modes, it is very interesting to fully explore the stacking-configuration-diversified phenomena. Three kinds of graphites only exhibit the optical plasmons, as observed in a 3D electron gas. However, their low-frequency plasmons might sharply contrast to one another in terms of the excitation frequencies, main causes, concise relations with the direction of the transferred momentum, and significant temperature dependences. The collective oscillation frequency in the AAstacked graphite, which mainly come the high free electron/hole density in the Dirac-cone structures, reaches the order of ω p ∼ 1 eV even at zero temperature. This results directly reflects the strongest overlap among three systems. The 3D plasmon modes could survive under the parallel and perpendicular transferred momenta, in which the former/latter case experiences the serious/light Landau dampings at small momenta; furthermore, the critical momenta are 0.12Å −1 and 0.6Å −1 . Apparently, the temperature effects are negligible in simple hexagonal graphite. On the other hand, it is almost impossible to observe the lowfrequency optical plasmons in the Bernal and rhombohedral graphites, while the transferred momentum is parallel to the graphitic plane. Such phenomenon is attributed to the low free carrier density and the strong e-h dampings. The optical plasmons under the perpendicular momentum are very sensitive to temperature. Specifically, as to the ABC-stacked graphite, the plasmon modes at long wavelength limit are clearly revealed in the energy loss spectra, only when the thermal excitations are required to supply the sufficient free electrons and holes, e.g., the existence of collective excitations at q → 0 only for T > 100 K. In general, the higher the temperature (the transferred momentum) is, the larger (the higher) the critical momentum (temperature) is. Up to now, there are no experimental examinations on the screened excitation spectra of the AA-and ABC-stacked graphites.
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